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Abstract
Entangled photons are created by use of Parametric Down
Conversion in a periodically poled KTP crystal. We rebuild and
modified a previous set-up[1] and characterised the
phase-matching conditions in a new set of crystals. First results
with single photon counters and correlated photons are given.
The goal is to understand the generation of 4-photon states
expressed as a source brightness per optical mode.
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Chapter1
Introduction
Recently, a lot of developments have been made in the field of quantum
information and huge successes have been booked in the design of sophis-
ticated quantum protocols. The implementation of these protocols in our
current telecom-infrastructure, would undoubtedly have tremendous sci-
entific and social impact where quantum cryptography ensures complete
security in code sharing. With a quantum computer to our disposal, also
computational problems can be solved which would require the age of the
universe to calculate on a classical computer.
However, the experimental implementation of these algorithms is not triv-
ial. Quantum information protocols rely by definition on the quantum me-
chanical properties of particles. One of these properties is the fascinating
phenomenon of entanglement. The correlations between entangled parti-
cles are frequently used in all fields of quantum information and form the
basis of quantum computing. To experimentally perform quantum pro-
tocols, a source that produces particles with well-defined entanglement is
needed.
A possible source of entangled particles could be pair generation using
Parametric Down Conversion (PDC), which is the process that we study
in this research. Spontaneous Parametric Down Conversion (SPDC) is an
non-linear optical process, in which blue photons are split into two red
photons (historically referred to as the signal and idler photons). Since
both red photons originate from the same parent blue photon this pro-
vides a mechanism to create correlations and potentially entanglement.
We study spatial entanglement[2] between photons where non-classical
correlations exist between the position and momentum of the generated
photons. We explore these correlations by measuring the correlations in
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emission direction of the photons.
In quantum mechanics a spontaneous process is always accompanied by
a stimulated process. The strength of this stimulated process depends
on the number of particles present in a mode or state. Stimulated para-
metric down-conversion is thus enhanced when all photons are emitted
in the collinear direction. In previous experiments a peak in this direc-
tion was observed in an experiment aimed at detecting four-photon states
[3]. This peak was found to depend quadratically on the intensity of the
pump beam and was attributed to an increased probability to create a four-
photon state with all photons emitted in the same mode. This extra peak
is currently not explained by theory on parametric down-conversion.
The produced states are interesting as a potential source for entangled
four-photon states that can be used in multi-party quantum code sharing
protocols[4]. A deeper understanding of this phenomenon is also neces-
sary for regular two-party quantum cryptography. Stimulated emission
creates exact copies of the photon pairs and may breach the security that
is based on the assumption that only two photons carry the code that is
shared between both parties.
The goal of this project is to improve and rebuild the experimental setup
to observe and characterise this unexpected four-photon peak. We report
the first steps towards this goal including some preliminary data on the
visibility of four photon states.
2
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Theory
2.1 Non-linear crystals and SecondHarmonicGen-
eration
It is commonly known that light consists of an oscillating electromagnetic
field. Most basic textbooks on electrodynamics[5] describe the interaction
between such an electric field and matter. The electric field (E1) can po-
larise the atoms in a medium, which on their turn induce another electric
field (E2) proportional to the original polarisation. In most materials the
polarisation is given by the following linear expression.
Pi = e0∑
j
χ
(1)
ij Ej (2.1)
In this formula Pi is the i-th component of the medium’s polarisation vec-
tor, Ej the j-th component of the electric field E1 of the light that polarises
the medium, e0 is the vacuum permittivity and χ
(1)
ij is the first order elec-
tric susceptibility tensor.
In some crystals with a noncentrosymmetric crystalline structure[6] a non-
linear term in the polarisation arises:
Pi = e0
(
∑
j
χ
(1)
ij Ej +∑
k
∑
l
χ
(2)
ikl EkEl
)
(2.2)
Due to this second order electric susceptibility tensor χ(2)ikl the polarisation
P can now be quadratically proportional to the input electric field E1 and
thereby a polarisation with twice the frequency of E1 is created. In this
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way, the output field E2 induced by P also oscillates at twice the frequency
of E1 . This process is called Second Harmonic Generation (SHG). To find
how the intensity of the two different beams inside the crystal vary with
the propagation distance z through the crystal, it is necessary establish
the relationship between the input beam E1 and the output beam E2. This
relationship can be found by extracting the wave-equation for the output
electric field E2 from Maxwell’s equations in matter[7]. From this equation
the following differential equation for the amplitude of E2 can be found
(for completeness a summary of the essential steps to derive this equation
is given in Appendix A):
∂E˜2
∂z
= −i4ω
2χ(2)
2k2c2
E˜1(z)2ei∆kz (2.3)
In this equation E˜1 and E˜2 are the amplitudes of respectively the pump
field and the harmonic field, ω is the frequency of the input field and k2
the wavevector of E2. In order to find this equation we neglected any
second-order terms in the differential equation by assuming ∂
2E˜2
∂z2  ∂E˜2∂z .
For convenience we worked during the whole derivation in the scalar field
approximation so that χ(2) becomes a scalar instead of a third-order tensor.
The wavevector-mismatch ∆k is defined as:
∆k := k2 − 2 · k1 (2.4)
Equation 2.3 is easily solved when we assume that E˜1 is constant along
the crystal (E˜1(z) = E˜1). In other words, we assume that only very few
second-harmonic photons are created relative to the amount of pump pho-
tons (the low-depletion approximation). To solve equation 2.3 we inte-
grate both sides of this equation:
E˜1 = −i4ω
2χ(2)
2k2c2
E˜21
∫ L
0
ei∆kzdz = −i4ω
2χ(2)
2k2c2
E˜21
ei∆kL − 1
i∆k
(2.5)
In this formula L is the length of the crystal. By performing this integration
we assume that the generation of the harmonic waves is local and instante-
nious.
Finally we can use the fact that the intensity is proportional to the ampli-
tude squared ISHG ∝| E˜1 |2 to find an expression for the SHG intensity:
ISHG ∝ |e
i∆kL − 1
i∆k
|2 = L2
(
ei∆kL − 1)2
(∆kL)2
≡ L2 sinc 2(1
2
∆kL)∗ (2.6)
∗sinc 2x ≡ sin 2xx2
4
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2.2 Phase matching
Second Harmonic Generation is a process in which two red photons merge
into one single blue photon under conservation of energy. For this process
to be efficient, these photons need to interfere constructively along the
whole crystal length. It is therefore required that the k-vectors of the two
fundamental photons add up to the k-vector of the harmonic photon (2 ·
k1 = k2 or ∆k = 0). kn is given by the following dispersion relation:
kn =
n(ωn, T)ωn
c
(2.7)
In this formula n(ωn, T) is the refractive index of the crystal, T is the crys-
tal’s temperature and c is the speed of light.
Using this relation, it can be easily seen that ∆k = 0 requires n(ω, T) =
n(2ω, T). However, due to dispersion inside the crystal this is usually not
possible. The result is that the harmonic field and pump field build up a
phase mismatch while propagating through the crystal. At a certain prop-
agation distance (the coherence length Lcoh = pi|∆k| ) their phase-difference
is pi and from this point on destructive interference kills the SHG-signal.
This problem can be avoided by using phase matching techniques which
ensure that the phase-difference never grows to the limit in which destruc-
tive interference occurs. In our case we use a non-linear crystal that is pe-
riodically poled to establish this. A periodically poled crystal is build out
of tiny layers that periodically alternate 180◦ in their crystalline orienta-
tion. The flipping of this orientation changes the sign of the non-linearity
between two different layers, which in turn leads to an extra factor pi in
the phase-difference between the pump- and harmonic light. By choosing
the poling period Λ to be exactly two times the coherence length of the
second harmonic signal (Λ = 2Lcoh), the relative phase is flipped exactly
at the point that the two waves are about to get out of phase. In this way
one obtains constructive interaction along the entire crystal length. As a
result of analysis of the reciprocal poling lattice[1], periodic poling effec-
tively results in adding an extra factor to the wavevector-mismatch:
∆k := k2 − 2 · k1 −m2piΛ (2.8)
In this expression m is an integer, corresponding with the m-th recipro-
cal lattice vector 2piΛ . Notice that there is only one configuration k1 and
k2 in which ∆k = 0. As according to equation 2.7 kn depends on T, this
means that at only one temperature ∆k = 0. From now on, we will re-
fer to this temperature as the phase match temperature Tpm. At all other
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temperatures there will always be a slight phase mismatch (illustrated in
figure 2.1a).
An expression for this phase mismatch can be found by inserting this new
expression of ∆k into equation 2.6. According to term inside the sinc of
this equation the collinear phase mismatch is given by:
φcol =
1
2
∆kL (2.9)
This quantity mirrors how well the the fundamental and harmonic beam
constructively interact. We denote φcol as collinear phase mismatch as until
now we only considered the collinear situation in which both the pump
wave and the harmonic propagate in the same direction. Later we will
derive a more general expression of the phase mismatch that proves to be
useful in the description of Parameteric Down Conversion.
Figure 2.1: a) The two red arrows correspond to the wavevectors of the red pump
photons and the blue arrow represents the wavevector of the blue harmonic pho-
ton. As the red wavectors do not add to the blue wavevector, there is wavevector
mismatch ∆k. Note that in this picture we only take the collinear situation into
account where all vectors leave the crystal in the same direction.
b) The red arrows correspond to the wavevectors of the red down-converted pho-
tons and the blue arrow is the wavevector of the blue pump photon. As down-
converted photons can leave the crystal under a certain angle, their wavevectors
have an extra degree of freedom qω with respect to the collinear situation. We
illustrate that as a result of the freedom in qω the red wavevectors can still add
to the blue wavevectors while having a collinear wavemismatch. It is therefore
needed to include qω in a general expression for the phase mismatch φ.
6
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2.3 Parametric Down Conversion
The process of Second Harmonic Generation hints at a relatively simple
Hamiltonian:
HSHG ∝ a†s apap (2.10)
In this Hamiltonian a†s is the creation operator of the harmonic photon and
ap is the annihilation operator of a pump photon. In quantum theory, all
observable operators should be Hermitian to avoid complex eigenvalues.
HSHG can be made easily Hermitian by adding its Hermitian-conjugate.
H ∝ a†s apap + a
†
pa
†
pas (2.11)
This last term describes a process opposite of Second Harmonic Genera-
tion: One (blue) photon of frequency 2ω turns into two (red) photons of
frequency ω †. This process is called Parametric Down Conversion (PDC)
and is the main topic of interest in this report.
Note that as now two photons are created, the k-vectors of the outgoing
photons have an extra degree of freedom in the transverse direction. Ear-
lier this was not possible since then only one photon was created, which
wavevector was completely prescribed by the collinear pump beam pho-
tons that created it. Due to this extra degree of freedom, the down-converted
photons can leave the crystal under such an angle that their wavevectors
add to the wavevector of the pump beam, even at a non-zero collinear
phase-mismatch (see figure 2.1b). We should write our expression for the
phase mismatch in more general form to account for the vector nature of
k1 and k2. To find this new expression we project both k-vectors of the two
red photons onto the k-vector of the blue pump photon and insert these
projections into equation 2.4. After Taylor expanding this expression and
substituting it into equation 2.9, the following general expression is found:
φ(qω, T) =
1
2
L
(q2ω
kω
+ ∆k
)
=
L
2kω
q2ω + φcol(T) (2.12)
In this expression qω is the transverse component of the red photons mo-
menta. It is clear that for each negative value of φcol there is an value of qω
in which φ = 0. This results in a high amplitude of the down-converted
light at a particular angle corresponding to this value of qω (see §4.1).
Note that knowing φ, we can now find the expression for the PDC far-field
†For historical reasons we refer to these down-converted photons as the signal- and
idler photon.
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intensity distribution [1] for a continuous wave pump laser by substitut-
ing φ into equation 2.6:
IPDC ∝ L2 sinc 2(φ(qω, T)) = L2 sinc 2
( L
2kω
q2ω + φcol(T)
)
(2.13)
2.4 Spatially entangled photon-pairs
In the section above, we saw that down-converted photons have an extra
degree of freedom with respect to photons created by SHG in the form of
an transverse component of their wavevectors. As photons with different
transverse momenta q are distinguishable, we should account for this ex-
tra degree of freedom in the Hamiltonian stated in equation 2.11. The new
Hamiltonian of the PDC process would look as follows:
HPDC = κ
∞
∑
i=1
a†qi a
†−qi ap (2.14)
In this formula κ is a coupling constant and a†qi is a creation operator for
a down-converted photon with a transverse momentum qi. Note that
this Hamiltonian creates only down-converted photon pairs that are anti-
correlated in their transverse momenta.
We introduce the following notation for the states of the pump, signal and
idler photons.
|ψp〉 ⊗ |ψs〉 ⊗ |ψi〉 = |ψp;ψs,ψi〉 (2.15)
In this equation |ψi〉 corresponds to the state of the photon and ⊗ corre-
sponds to the tensor product. In this notation, the quantum state of the
pump beam is a coherent state with mean photon number α and can be
denoted as |α; 0, 0〉. If we let the Hamiltonian of equation 2.20 act on this
state we get:
HPDC|α; 0, 0〉 = κ
∞
∑
i=1
a†qi a
†−qi ap|α; 0, 0〉 = κ
∞
∑
i=1
|α− 1; 1qi , 1−qi〉 (2.16)
For a strong pump beam α  1 and we apply the following parametric
approximation|α− 1〉 ≈ |α〉. This approximation allows us to neglect the
quantum evolution of the pump beam and just consider the evolution of
the signal and idler photons. Our new Hamiltonian now becomes:
HPDC = κ
∞
∑
i=1
a†qi a
†−qi (2.17)
8
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We now consider the time-evolution of down-converted photons from the
vacuum state |0〉.
|Ψ〉 = e− iHth¯ |0〉 ≈ (1− it
h¯
H − t
2
2h¯2
H)|0〉 (2.18)
In the last step we used a Taylor-expansion to approximate the exponen-
tial. Each individual term of this expansion does generate its own PDC
quantum state:
1. |ψ0〉 : 1|0〉 = |0〉
This term just leaves the vacuum stay the same. No down-conversion
occurs due to this term.
2. |ψ2〉 : − ith¯ H|0〉 = itκh¯ ∑∞i=1 |1qi , 1−qi〉
This term creates a superposition of anti-correlated down-converted
photons in any spatial mode. From now on we will refer to this kind
of down-conversion as Spontaneous Parametric Down Conversion
(SPDC).
3. |ψ4〉 : − t22h¯2 H|0〉 = −
t2κ2
2h¯2
(
2∑∞i=1 |2qi , 2−qi〉+∑∞i=1∑∞j=1,j 6=i |1qi , 1−qi ; 1qj , 1−qj〉
)
The right hand side of this state corresponds to a SPDC four photon-
state in which two anti-correlated pairs are created with non-equal
transverse momenta. The left hand side corresponds to a four photon-
state in which two identical anti-correlated pairs are created. The cre-
ation of the second pair is in this case stimulated by the first pair. The
type of PDC in which these double pairs are created is called stimu-
lated Parametric Down-Conversion. The extra factor 2 in the state of
the double pairs follows directly from the creation operators[8] and
cannot be explained by a statistical argument: There are in principle
only N spatial modes in which you can put the double pairs.
If there is just one spatial and temporal mode the chance to produce one
single pair (P2) relates to the chance to produce one double pair (P4) via
P4 = P22 . However, when there are multiple modes available this expres-
sion changes into[9]: .
P4 =
P22
2
(1+ χ) (2.19)
In this expression χ is the visibility and indicates the contribution of four-
photon states created by stimulated PDC.
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2.5 PDC intensity distribution for a pulsed pump
beam
The goal of this thesis is to study entangled four-photon states. However,
as we concluded in the section above the creation of such four photon-
states is not very likely. In order to gather accurate experimental data
on these states, it is therefore required to maximise the amount of cre-
ated states. In our experiments we do this by pumping the crystal with
a pulsed laser. The pulsing drastically increases the laser intensity and
consequently a measurable amount of four photon states is created. How-
ever, this pulsing also induces a finite spectral bandwidth of the pump
laser. This is due to the Fourier relation, which dictates that ∆t∆ω ≥ 1. In
this formula ∆t and ∆ω are respectively the uncertainty in time and fre-
quency of a wave. For our pulsed laser we can rewrite this to the following
expression:
∆τ∆σ ≥ 1 (2.20)
In which ∆σ is the spread in angular frequency of the pump beam and ∆τ
is the pulse duration.
As a result the crystal is effectively pumped by multiple frequencies and
this should be accounted for in the intensity distribution. Firstly there is
the fact that the phase mismatch φ is not the same for every frequency.
We will now define Ω as the detuning of the pump frequency from its
main frequency ω0 (Ω = ω−ω0). By using a first order Taylor-expansion
the following [1] expression can be found for the phase mismatch using a
pulsed pump laser:
φPulsed(qω, T,Ω) =
L
2kω
q2ω + φcol(T) +
1
2
DΩL (2.21)
In this expression D is a factor, which contains the group velocities of
both the pump wave as the down-converted waves D = 1/vg(2ω) −
1/vg(ω) = (ng(2ω)− ng(ω))/c
Under the assumption that the spectral detuning of the pump beam is
Gaussian shaped, we can find an expression for the PDC far-field inten-
sity distribution for a pulsed pump beam. At one specific frequency the
PDC-intensity is described by equation 2.13. By substituting φPulsed into
this equation and integrating over all pump frequencies Ω, we find the
intensity distribution for a pulsed pump beam:
I(q, T) ∝
∫
Ω
e−
1
2 (Ω/σ)
2
sinc 2
( L
2kω
q2ω + φcol(T) +
1
2
DΩL
)
dΩ (2.22)
10
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On the one hand, the pumping leads to a thicker PDC-ring, as at each
different frequency a ring is created with a different opening angle which
are all added upon each other. On the other hand, all the higher-order
maxima of the sinc are now damped as there are minima on these positions
at other pump frequencies Ω.
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Chapter3
Characterisation of the PPKTP
crystals
In our experiments we use Periodically Poled KTP (potassium titanyl phos-
phate (KTiOPO4)) crystals with a poling period Λ = 3.675 µm as non-
linear crystals. In order to use these crystals it is necessary to know their
optical properties. In particular it is useful to fully understand the relation
between the phase mismatch φ, the experimentally observable crystal’s
temperature T and the wavelength of the pump beam λ. This knowl-
edge is essential for qualitatively comparing different PDC-experiments
and distinguishing the collinear and non-collinear PDC-configurations. In
this chapter we will elaborate on how we performed this characterisation
and report our observations.
3.1 Second Harmonic Generation
Parametric Down Conversion (PDC) and Second Harmonic Generation
(SHG) are two non-linear processes that originate from the same Hamilto-
nian (see equation 2.11). As a consequence, both processes share the same
phase mismatch φ as a function of crystal temperature T. The phase match
temperature Tpm is also the same for both processes. Due to this similar-
ity, it does not matter whether we use SHG to characterise the crystals or
PDC. Earlier we noted that PDC is a pure quantum-mechanical process
and therefore it is initiated by weak vacuum fluctuations. On the contrary,
SHG does not need these fluctuations as it is a pure classical phenomenon.
As a result, SHG has a much higher conversion efficiency and is thereby
more suited for gathering accurate experimental data. A picture of our
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experimental set up used to characterise the PPKTP crystal using SHG is
depicted in figure 3.1. Using a lens ( f = 100 mm), we focus the beam
of the Ti:Sapphire pump laser into the PPKTP crystal. Inside this crystal,
SHG converts part of the pump beam into blue harmonic light. To collect
this SHG-signal, the pump laser is blocked after the crystal by a shortpass
filter (λpass < 550 nm) and the remaining light is filtered by a colored-glass
bandpass filter (360-580 nm). (λpass = 826nm). The left-over SHG-light is
collected using an optical power meter.
Note that during all experiments the crystal is mounted on a crystal holder,
which is exclusively designed for this experiment. This holder enables us
to translate the crystal in the x, y and z direction and interchange crystals
of different crystal length’s (L = 1, 2, 5, 8 mm) without spoiling the set-
up’s alignment.
Furthermore, we can manually mode-lock the laser so that we can switch
between a continuous-wave (cw) and a ∼2 ps pulsed pump laser. The
crystal’s temperature T is tuned using a temperature controller. In fig-
ure 3.2 the intensity of the collected SHG-signal is depicted on log-scale
against the crystal’s temperature. During this experiment a L = 8 mm
PPKTP crystal was pumped by a λ = 826.55 nm cw-pump beam. In fig-
ure 3.3 we redid the same experiment, but now for crystal’s with different
lengths and a pulsed pump beam.
Figure 3.1: The experimental set-up aimed to characterise the crystals using Sec-
ond Harmonic Generation. A Ti:Sapphire pump beam of adjustable wavelength
is focussed by L1 into a temperture-controlled PPKTP crystal in which blue har-
monic light is created. To collect this light, first the pump beam is blocked by a
low-pass filter and then filtered by an colored-glass bandpass filter (360-580 nm).
Finally, the intensity of the left-over light is measured by an optical power meter.
14
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Figure 3.2: SHG-intensity of the L=5mm PPKTP crystal as a function of crystal
temperature using a continuous pump laser at a wavelength of 826.55nm. The
data is fit using a quadratic phase mismatch φ, with c1 and c2 as free parameters.
The approximate values of c1 and c2 were achieved from the right figure. The
exact values were found by fitting the sinc-function over the data points. We
obtain: c1=24.4E-6 and c2=4.3E-8. The inset shows data points extracted by hand
from the main figure using the fact that the temperature of the minima occur at a
phase-mismatch that is an integer times pi (φmin = npi).
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Figure 3.3: Intensity of the SHG signal as a function of temperature for PPKTP
crystals of different lengths. All measurements are done at the same wavelength
of 826.5nm and are made using a pulsed laser with a pulse duration between 2.22
and 2.34 ps.
3.2 Understanding phase matching
Figure 3.2 shows the intensity of the SHG signal for different crystal tem-
peratures T. As can be seen in the figure a clear sinc-like intensity distribu-
tion is observed, which was predicted by equation 2.6. Very clearly a peak
is visible at the phase-match temperature (in this case: Tpm = 65.2 ◦C).
Using this data, we can establish the link between φ and T. In order to be
able to compare our results with other studies, we perform this analysis in
the same way as it is been done earlier in literature[10]. We recall that for
SHG φ was found to be φcol = 12∆kL (see equation 2.9). In this formula ∆k
was defined to be:
∆k = k2(2ω, T)− 2k1(ω, T) (3.1)
16
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In literature this wavevector mismatch is often evaluated using an refer-
ence temperature T0 = 25 ◦C. In terms of this reference temperature we
can write a new expression for ∆k:
∆k = k2(2ω, T0)− 2k1(ω, T0) + 2ωc
[
∆n(2ω, T)− ∆n(ω, T)
]
(3.2)
In this formula ω is the frequency of the pump beam and ∆n(ω, T) :=
n(ω, T)− n(ω, T0). To derive this expression we used the definition of kn
stated in equation 2.7. The temperature dependence of the refractive index
of KTP is known[10]] and based on that we approximate the refractive
index as:
∆n(2ω, T)− ∆n(ω, T) = c1
[
T − T0
]
+ c2
[
T − T0
]2 (3.3)
By substituting this expression into equation 3.2 and by applying the con-
dition that at the phase match temperature Tpm ∆k = 0, we find the fol-
lowing expression for φ:
φ(ω, T) =
Lω
c
(
c1
[
T − Tpm
]
+ c2
[
T − T0
]2 − c2[Tpm − T0]2) (3.4)
We now managed to describe the relation between φ and T totally in terms
of c1, c2 and Tpm. To find the numerical values of these parameters we fit
the data of figure 3.2 to equation 3.5. This is done in the inset of the figure.
Here we extracted the minima of the sinc by hand and set them equal to
φ = m · pi, in which m is an integer representing the m-th minimum. If
we now fit these data to equation 3.5, we obtain a rough estimate for the
numerical values of c1, c2, and Tpm. To find more accurate values, we use
these rough estimates as an input for the fitting routine that fits the raw
data of the main figure to the following equation:
ISHG = A · sinc 2φ(ω, T) (3.5)
In this equation A is an unknown parameter that depends on the pump
laser intensity (250 mW) and the conversion efficiency of the SHG-process.
We subtituted equation 3.5 into the equation for SHG-intensity 2.6 that we
derived earlier. This fit is depicted in figure 3.2. The values found for c1
and c2 are compared with an earlier study by W.H. Peeters [10] in table 3.1
and seem to be in reasonable agreement.
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c1[◦C−1] c2[◦C−2]
Values found from data figure ... 25.3 E-6 4.6 E-8
Values found by W.H. Peeters [10] (24.0±0.2) E-6 (4.8±0.3) E-8
Table 3.1: The numerical values of c1 and c2 found from the fit in figure 3.2 com-
pared with data from literature. This data was collected by performing exactly
the same experiment on similar PPKTP crystals of L=5 mm length.
After c1 and c2 have been found, the only unknown variable in equa-
tion 3.5 is the phase match temperature Tpm that also depends on the pump
frequency. By performing the experiment of figure 3.2 multiple times for
different wavelengths of the pump beam, the phase match temperature for
different pump wavelengths can be extracted. The result of this measure-
ment is depicted in figure 3.4. In this graph the solid blue line corresponds
to results for a cw-pump beam and the red dashed line to the results for
a pulsed laser beam (pulse duration ∼2 ps). Both lines are quadratic fits
through the data: Tpm = aλ2 + bλ+ c. The numerical values of a, b, and c
are shown in table 3.2. In a linear approximation Tpm is increasinging with
λ at approximately 18 ◦C/nm.
a b c
Cw pump beam -1.119 1.868 E3 -7.796 E5
Pulsed pump beam -1.770 2.942 E3 -1.223 E6
Table 3.2: The numerical values for the parameters a, b and c of the quadratic fits
in figure 3.4 for a pulsed and continous wave (cw) pump beam.
Figure 3.3 shows that a pulsed pump beam creates a differentfunctional
dependence of SHG-intensity as a function of temperature when com-
pared to a cw-laser beam. Due to the finite spectral bandwidth of the
pulsed pump, each different pump frequency Ω contributes a slightly dis-
placed sinc to the SHG-intensity, which all add up to the Gaussian shape
observed in figure 3.3.
Furthermore, the data in this figure shows that as the crystal size increases,
the amplitude of the SHG-signal increases as expected for longer crystals.
However, between crystals with lengths L = 5 mm and L = 8 mm, the
increase in intensityis minimal. We explain this by the fact that for crystals
with L > 5 mm, the crystal is significantly longer than the group-velocity
walk-off length Lw := τ/D. This is the length at which the pump- and
harmonic beam start to be spatially seperated due to their difference in
group-velocity. From this point, the pump beam stops to empower the
harmonic field and so the initial quadratic intensity increase saturates to a
18
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linear one.
A closer inspection of figure 3.3 reveals a subtle difference in phase match
temperature between the crystals. We attribute this irregularity to an arte-
fact of our experimental set-up as Tpm should not depend on crystal length.
For all four crystals, the temperature is measured using four different ther-
mistors. Imperfect calibration of these thermistors can lead to an error in
the measured absolute temperature (according to the thermistors specifi-
cations this error should be ±0.5 ◦C). Another explanation for these dis-
tortions can be minor changes in the wavelength of the pump beam in
between measurements.
Figure 3.4: Measured SHG phase match temperature against the wavelength of
the Ti:Sapphire laser for a 8 mm PPKTP crystal. Data and fits are shown for a
continuous wave pump beam (circles, solid line) and an pulsed pump beam (tri-
angles, dashed line) with a pulse duration between 2.40 and 2.63 ps. The increase
in phase matching temperature is approximately linear with a slope ∼18K/nm.
A quadratic correction becomes apparent at wavelengths longer than 826 nm.
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Chapter4
Experimental and computational
analysis of the PDC source
The purpose of this chapter is to gain a basic understanding of the Para-
metric Down Conversion (PDC) photon source used in our experiments.
This is done by creating far-field images of the light emitted from the
source using a CCD camera. The results of this experiment are compared
with numerical simulations based on the theories described in chapter 3.
4.1 Experimental observations
Figure 4.1 shows the research set-up to collect the PDC-light created in-
side a non-linear periodically poled KTP (PPKTP) crystal into a CCD-
camera. We focus (lens, f = 100 mm) a frequency-doubled Ti:Sapphire
pump beam (λ = 413.2 nm) with a pulse duration of ∼2 ps and average
laser power P ≈ 100 mW into the PPKTP crystal. The temperature of the
crystal is tuned by a temperature controller. The down-converted photons
that are created inside the crystal are passed through an anti-reflection
coated Gallium-phosphide wafer (GaP) to block the pump beam. The
frequency-degenerate photons (λi = λs = 826.4 nm) are selected by fil-
tering the remaining light with a bandpass filter (λ = 827 nm, FWHM =
5 nm). Finally, the light is collimated by a lens ( f = 100 mm) placed ex-
actly at its focal distance from the crystal and an Apogee CCD-camera is
placed in the far-field of this lens.
In figure 4.2 images of the PDC-signal for different temperatures of the
crystal are shown. As explained in §2.5, the phase mismatch for PDC with
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a pulsed pump beam φPulsed is given by the following equation:
φPulsed(qω, T,Ω) =
L
2kω
q2ω + φcol(T) +
1
2
DΩL (4.1)
Phase matching is achieved for negative φ and values of the transverse
component of the signal and idler’s momenta qω that compensate φ. As
a consequence a high PDC-intensity at far-field angles corresponding to
these transverse momenta is observed. This fact is depicted in figure 4.2 in
which we change φ by tuning the temperature of the crystal. There are two
different geometries of the PDC far-field intensity distribution that can be
distinguished. One in which the PDC-signal is an open ring (non-collinear,
φ pi) and one in which it is a closed disk (collinear, φ ≈ 0).
Note that the majority of the detected photons originate from spontaneous
down-conversion (SPDC), as this process is far more efficient than stimu-
lated emission for the pump power of our laser.
In figure 4.3 the observed SPDC-rings for crystals with different lengths
L are shown. The data shows that for short crystal lengths the SPDC-
ring is thicker. For short crystals the thickness of the ring corresponds
to the phase-matching bandwidth which is limited by the crystal length.
The width scales inversely with crystal length L in this regime. For crys-
tals that are longer than the group-velocity walk-off length Lw (defined
as Lw = τ/D) the phase-matching is limited by the spectral width of the
pump and the thickness of the ring saturates.
Figure 4.1: Schematic outline of the experimental set-up used to study the PDC-
intensity distribution for different phase match conditions.A frequency doubled
Ti:Sapphire pump beam (λ = 413.2) nm with a pulsing period of ∼2 ps is fo-
cussed ( L1, f = 100 mm) into a temperature-controlled PPKTP crystal. Af-
ter the pump beam is blocked by an anti-reflection coated Gallium-phosphide
wafer (GaP), we select the frequency-degenerate down-converted photons (λi =
λs = 826.4 nm by filtering the remaining light with an bandpass filter (λ =
827 nm, FWHM = 5 nm). The PDC-intensity distribution is finally obtained by
collecting these frequency-degenerate photons with a CCD-camera.
22
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Figure 4.2: CCD images of the PDC ring for different PPKTP crystal temperatures
(L=5mm). At low temperatures an open ring is observed (non-collinear). As the
crystal’s temperatures reaches the phase match temperature the ring closes into a
closed disk (collinear).
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Figure 4.3: CCD images of for different crystal sizes at φ < pi (The crystal sizes
are indicated in the figures). The scaling of the figures is the same for all pictures.
The ring is typically thicker for crystals under the walk-off length. For crystals
above the walk-off length the SPDC process becomes less efficient as the SPDC
pulse spatially walks off from the pump pulse.
4.2 Numerical simulations
To make our experimental observations more quantitative, we compare
them to simulations based on theory discussed in chapter 2. In §2.5 we
saw that the far field intensity distribution is described by the following
expression:
I(q, T) ∝
∫
Ω
e−
1
2 (Ω/σ)
2
sinc 2
( L
2kω
q2ω + φcol(T) +
1
2
DΩL
)
dΩ (4.2)
By numerically evaluating this integral for different values of qω at a cer-
tain φ, a prediction for the far-field intensity distribution can be made. A
couple of these simulations for a L = 5 mm crystal and a pump laser with
24
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λ = 413.2 nm are shown in the lower half of figure 4.4. In table 4.1 we
provide a summary of numerical values from literature [1] for the various
parameters in equation 5.5 that we used in our simulations. In the upper
part of figure 4.4 the corresponding experimental observations are shown.
One sees clearly that both theory and experiment are in reasonable agree-
ment. At φ = −8 the experimental observations seem to differ slightly
from the theoretical predictions. We attribute this to the fact that the CCD-
camera is most likely not accurately positioned in the exact far field. The
placement of the camera is done by hand and therefore an error of a few
mm’s is easily made. From this figure we also notice that the phase match-
ing temperature Tpm is close to 61 ◦C in good agreement with the data we
found during the characterisation of the crystals with SHG experiments
(see figure 3.4)
Figure 4.4: Measured CCD images (top) and simulations (bottom) of PDC light in
the far-field created by a 5 mm long PPKTP crystal at a wavelength λ = 413.2 nm
of the pump beam. Experimental images are shown for three different temper-
atures, while simulations are done for a specific phase-mismatch. We conclude
that our experimental observations are in good agreement with the calculated
far-field distributions.
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σ (= σ0) 1.8247 E12
D 1.5213 E-9
kω 1.5206 E7
Table 4.1: Numerical values of constants used in the simulations of figure 4.4.
Another way to demonstrate the correspondence between theory and ex-
periment is to compare the integrated intensities of our experimental ob-
servations and theoretical simulations for different values of φ. This com-
parison is made in figure 4.5a. In this figure the normalised intensity is
depicted for crystals of lengths L = 8 mm (blue), L = 5 mm (yellow),L =
2 mm (red) andL = 1 mm (green). In this figure both the experimental
data (markers) and the simulated data (lines) are normalised at φ = 0. As
expected the integrated intensity rapidly goes down at positive values of
φ, as then φpulsed (equation 4.1) can only be non-zero. In this case, the crys-
tal’s periodic poling will lose its effectiveness and the PDC-signal will be
killed by destructive interference.
A detailed look at figure 4.5a reveals that the theoretical lines do not exacty
fit the experimental data. We improved our simulations by optimising the
value of the parameter σ in equation 5.5. The result is depicted in fig-
ure 4.5b. For each crystal length L a fitted value of σ is found. In table 4.2
these values are displayed normalised to a reference value of σ found in
literature[1]. Judging from this table, there seems to be a clear correlation
between σ and the crystal length L. This is surprising because in §5.2 we
explained that σ corresponds to the finite spectral bandwidth of the pulsed
pump. As this a quantity that exclusively depends on the properties of the
pump beam, it cannot be related to the crystal length. The correlated data
of table 4.2 must therefore be explained as an artefact of the imperfectness
of equation 5.5.
L [mm] σ(L)[σ0]
1 1.97
2 1.46
5 1.18
8 1.16
Table 4.2: The fitted numerical values of σ for different crystal lengths. All values
are expressed in terms of σ0
26
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Figure 4.5: Experimentally observed and numerically simulated normalised in-
tegrated intensity of the PDC ring (φ < 0) and disk (φ > 0) against the phase
mismatch φ for different crystal sizes (L = 8 mm, blue crosses; L = 5 mm, yellow
squares; L = 2 mm, red triangles, L = 1 mm, green dots). In each pictures the
solid lines refer to simulations and markers to experimental data. For each crystal
length the integrated intensity suddenly drops once it reached the point φ = 0.
Figure A corresponds to simulations at a fixed value of σ. In figure B σ is fitted
for each L using an error-function on the experimental data.
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Chapter5
In search of the four-photon peak
In this section results obtained using single photon counters are summa-
rized with the goal to understand the creation of four-photon states. The
collinear direction is of particular interest because an unexpected peak was
found as part of the PhD work of S.C. Yorulmaz[1]. We investigate corre-
lations between the photons produced by Parametric Down Conversion.
In our research set-up we use a combination of a single photon detectors
and an home-build AND-gate to achieve this.
5.1 Experimental set up
Figure 5.1 shows the experimental setup designed to measure correlations
between spatially entangled photon pairs. These pairs are created by Para-
metric Down Conversion (PDC) inside a periodically-poled KTP crystal
(potassium titanyl phosphate (KTiOPO4)).
A frequency-doubled pulsed Ti:Sapphire laser with a wavelength of 413.2 nm
and a pulse duration of ∼2 ps is focussed by the lens L1 ( f = 250 mm)
into a periodically-poled KTP (PPKTP) crystal. Due to the non-linearity
of the PPKTP crystal, some of the photons in the pump beam split up
into frequency degenerate photon pairs which we intend to study. The
pump beam waist radius wp at the focus is adjustable by modifying the
beam-size with an variable beam expander (BE, magnification 2x-5x). The
characterisation of this beam-expander is depicted in figure 5.4. In all our
experiments wp will be 35 µm.
The PPKTP crystal is temperature controlled by a PID temperature con-
troller to tune the phase matching conditions of the PDC-process (details
about the stability of the controller can be found in Appendix B). Four dif-
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ferent PPKTP crystals with different lengths L (L = 1 mm, L = 2 mm,
L = 5 mm and L = 8 mm) are studied in this experiment. Each of these
crystals can be mounted on a x, y, x-translation stage used to place the
crystal into the focus of the laser beam. In most of our experiments we use
the L = 5 mm crystal. In every situation the crystal is placed perpendicu-
lar to the pump beam.
Figure 5.1: Schematic outline of the setup that creates and analyses spatial en-
tanglement. A frequency-doubled Ti:Sapphire laser produces laser pulses of ∼2
ps duration at a wavelength of 413.2 nm and is focussed by lens L1 ( f = 250
mm) into a 5 mm long Periodically Poled KTP (PPKTP) crystal in which photon
pairs (λ = 826.4 nm) are created. The size and shape of the pump beam is con-
trolled through a pair of cylindrical lenses (CL1, CL2) and a beam expander (BE).
A filter (F) removes any 826.4 nm light from the pump beam. Behind the crystal
the pump beam is blocked by an anti-reflection coated Gallium-phosphide wafer
(GaP) and the PDC light is filtered by a 826.4 nm bandpass filter (FWHM= 1 nm).
The light passes a 650-1050 nm coated lens ( f = 250 nm,  = 2”) and is split up
by a 50/50 2” beam splitter. Both parts of the PDC-light are collected at the ex-
act far field 267.5 mm after the L2 lens by two zoom fiber collimators mounted
on computer controlled translation stages. The light is collected into multi-mode
fibers ( = 50 µm), and is analysed by a single photon counter.
The photon pairs are collected by blocking the pump beam with an
anti-reflection coated Gallium-phosphide wafer (GaP) and filtering the PDC
light with a bandpass filter (826.4 nm, FWHM = 1 nm). The transmis-
sion wavelength of this filter λ f is measured with the same spectrome-
ter we use to monitor the wavelength of the pump laser before the fre-
quency doubler λp. In this way we always ensure that λ f = λp, so that
frequency degenerate photons (λs = λi) are produced at the exact trans-
mission wavelength of the bandpass filter.
30
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After the filter the PDC light is collimated by sending it through a lens
(F2,  = 2”, f = 250 mm), which has its focus exactly in the centre of the
PPKTP crystal. As we are interested in the correlations between photons
we split the PDC light into two light paths using a 50/50 2” beam-splitter
(BS). The collection is done by zoom fiber collimators ( f = 6 − 18 mm)
on computer-controlled translation stages, which are placed in the exact
far-field of the PDC-source, 267.5 mm after the L2 lens∗. These collima-
tors send a collimated beam of adjustable diameter into multi-mode fibers
( = 50 µm). Light from these fibers is analysed by a single photon de-
tector and the counts from these detectors are send to an AND-gate. This
AND-gate checks whether two photons were detected at the same time.
The coincidence window was adjusted to 4 ns to adapt for a previously
observed time delay as a function of count rate [11].
Note that in earlier research[1] the collection was always done by a
combination of an aperture and a multi-mode fiber. Due to diffraction
around the hard edges of the aperture the collection mode is sinc shaped
for such a collection set-up. For zoom fiber collimators the collection mode
is Gaussian and can, in principle, be matched to the Gaussian mode of the
pump beam in our set-up.
In order to maximise the amount of detected photon pairs, the beam-
waist radius of the collection mode at the focus of lens L2 (wc), should
be matched to the beam-waist radius of the pump beam (wp)[12]. A de-
tailed overview of this situation is illustrated in figure 5.2. Both wp and wc
are calculated by the following formula[13]:
w =
2
pi
f
λ
nD
(5.1)
In this formula w is the beam waist radius at the focus (defined as the
radius in which the intensity is 1/e2 times the intensity in the beam’s cen-
tre), λ is the wavelength of the focussed light, n is the refractive index of
the medium at the focus (in this case PPKTP, n ≈ 1.77), f is the focal dis-
tance of the lens that focusses the light and D is the diameter of the light
beam before it is focussed. For the collection mode the beam diameter D
is adjustable as we can vary the diameter of the beam that is collimated
by the fiber collimators. Using this formula, we find that we can vary wc
between 25 µm and 60 µm. In most of our experiments we set wc on 60 µm.
∗This number is justified in the section on alignment.
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To optimise the efficiency of the PDC-process in the PPKTP crystal it is
important that the light on x-axis of the Gaussian pump beam focusses on
the exact same point inside the crystal as the light on the y-axis. In this
way there is a flat wave-front and maximal intensity of the pump light at
the focus. The pump laser is frequency-doubled using Second Harmonic
Generation (SHG). To establish highly efficient SHG the pump laser is fo-
cussed using curved mirrors [14], which create astigmatism in the out-
going pump beam (see figure 5.3a). To compensate for astigmatism we
inserted two cylindrical lenses ( f = 5 mm). The pump beam is pointed
on the laboratory wall (distance ±5m) to align the distance between these
cylindrical lenses until the elliptical shape of the pump beam becomes a
clear circular spot. Figure 5.3b shows the measured beam waist in x- and y-
directions and confirms that this protocol indeed repairs the astigmatisms
of the pump beam in the experiment. A filter is placed in the 413.2 nm
beam to filter any left-over 826.4 nm light that is not frequency-doubled in
the SHG process.
Figure 5.2: Close up of the pump and PDC beams at the position of the PPKTP
crystal for co-linear phase-matching conditions. The blue beam represents the
413.2 nm pump beam creating pink PDC light. The red beam indicates the collec-
tion mode of the zoom fiber collimators. Note that the waist of this mode (wcollect)
should be bigger than the beam waist of the pump beam. If not, only a small part
of the generated PDC photons can be detected.
32
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Figure 5.3: The radius of the pump laser’s Gaussian beam w against the distance
from the focus z ( f = 150 mm). The red solid line fits the radius of the horizontal
cross-section of the Gaussian beam (dots), while the blue line fits the radius of
the vertical cross-section (triangles). For each situation the diffraction limit is
calculated and displayed by the dashed (horizontal) and dotted (vertical) lines.
Figure A shows the radial size of the pump beam before the cylindrical lenses
were placed. Figure B shows the radial size after the cylindrical lenses are placed.
It is clear from this figure that the cylindrical lenses let the foci in the x and y
direction coincide.
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Figure 5.4: The fitted beam radius of the pump laser beam in the horizontal (dots,
dashed line) and the vertical (triangles, solid line) direction versus the normalised
expansion capacity of the beam expander. Notice that the ellipticity of the beam
increases with the expansion.
5.2 Alignment
We aim to investigate spatial correlations of single photon pairs and for
this a clear alignment procedure is needed. Without such a procedure
the quality of the beams and the correlations are easily compromised for
higher count rates. In this section we provide a protocol that we use to
align our set-up.
We define two requirements that a successfully aligned set-up has to meet.
• The lens L1 has to focus the pump beam exactly in the centre of the
PPKTP crystal. This ensures that the intensity of the pump beam is
maximum inside the crystal, which guarantees a maximal efficiency
of the PDC-process.
34
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• In our research we are interested in the correlations between photon-
pairs that are created from single pump photons. To establish that
we always collect both photons in a pair, we have to ensure that
both zoom fiber collimators collect light from the exact same spot in
the crystal, even when we translate the collimators in the x-y plane.
To accomplish this, the collimators should be placed in the exact far
field of L2 and the crystal in the exact focus of L2.
In principle the distance of the far field behind a lens is equal to its focal
distance ( f = 250 mm in our case). However, in our set-up the PDC-light
passes a relatively large 2” beam-splitter cube (n = 1.53), which acts as a
thick concave lens. Taking this into account, we find a distance to the L2
lens for the exact far field of 267.6 mm.
We use the following strategy to align our set up and fulfil the require-
ments stated above.
1. We place apertures on the beam path of the blue pump beam and use
a periscope to point the pump beam through these apertures.
2. We place the beam-splitter perpendicular to the pump beam in the
beam path. We make use of the pump beam’s reflection on the beam
splitter to optimise the angle of the beam-splitter with respect to the
pump beam.
3. Using two single mode fibers ( = 5 µm) we feed light from a Helium-
Neon laser (λ = 632.2 nm) back through the collimators. We secure
the computer-controlled translation stages on the optical table so that
the red beam hits the beam-splitter exactly in the middle and passes
exactly through the apertures placed earlier. In this way we make
sure that the collection modes of both collimators are parallel to each
other. If necessary the collimators can be tilted to adjust the angle of
the laser.
4. We place a Spiricon beam profiler at the exact location of the crys-
tal and lens L2 at its approximate position perpendicular to the red
laser beam. The two red laser spots should now be visible on top of
each other. To find out the precise location of the L2 lens in which
the crystal is in its exact focus we translate the collimators in the x-
y plane. If the focus is at the exact crystal’s position both the spots
should not move with respect to each other. By iteratively adjusting
the position of lens L2 while monitoring the change of the two laser
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spots the exact right position of lens L2 is found. The collection part
of the set-up should now be aligned. We constructed a black enclo-
sure for this part of the set-up to reduce noise due to background
light.
5. We put the beam profiler at the position of the PPKTP crystal in the
beam path of the pump beam and place the lens L1 mounted on a
x-y-z translation stage at its approximate position. We monitor the
exact size of the beam spot while translating the lens parallel to the
beam path. Once the beam spot has reached it smallest diameter, the
pump beam is optimally focussed.
6. Finally, we place a pinhole at the exact position of the crystal. To let
the pump beam pass the crystal, lens L1 is translated perpendicular
to the beam path. The blue pump laser should now pass the pinhole
from one side, while the two red lasers should pass it from the other
side. The set-up is now aligned. The PPKTP crystal and filters can
be placed on their intended positions and the collimators can be con-
nected to the single photon detectors via multi-mode fibers.
After following the prescribed procedure the set-up should be completely
aligned. However, in practise still some fine-tuning is necessary in order
to collect a clear signal. To achieve this we follow some additional steps.
7. We tune the crystal temperature to the phase-matching temperature
(φ = 0) and position the collimators so that they collect photons from
the centre of the closed PDC disk. We slightly adjust the position of
the L1 lens to optimise the count rates of both detectors.
8. We set the temperature of the crystal back to achieve a negative value
of φ and scan one detector in the x-y plane, while monitoring the
photon-counts on each position. A ring should now be visible. It
might occur that some parts of the ring light up more intense than
others. In that case we modify the position of the lens L1 in the x-y
plane, so that the intensity distribution is symmetrical for the entire
ring (see figure 5.5a). The same ring should be visible when the other
detector is scanned.
9. It is convenient to have the home-position of the computer-controlled
translation stages at the exact centre of the PDC-ring. To achieve this,
a cross-section is made of the ring in both x- and y-direction. The
36
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data is fitted by two Gaussian distributions (see figure 5.5b). By tak-
ing the mean of the centre positions, the centre position in horizontal-
and vertical direction can be determined. The home-values of the
translation-stage is now reset to these values. By repeating this pro-
cedure a couple of times for each detector, the exact centre of the ring
is found after a few iterations.
Figure 5.5: a. Single photon counts of the SPDC-ring for a 5 mm PPKTP crystal at
54 degrees displayed for both single-photon-detectors 1 and 2. The colour-scale
is the same in both figures. Detector 2 seems to have slightly less counts than
detector 1. A smaller detection efficiency of detector 2 can be an explanation for
this.
b. Horizontal and vertical cross-section of the count rates of detector 1 extracted
from the left image of a. By fitting two Gaussians to the data-points the approxi-
mate centre of the ring is determined. This can be used as an alignment-strategy
to set the home-values of the detectors at exactly the centre of the ring.
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5.3 Photon coincidences
In order measure correlations between photons, it is necessary to define
what a coincidence between two photons is. For this purpose we use an
AND-gate that regards the detection of two photons by different detectors
within a certain time interval (the coincidence window) as a coincidence.
The goal of our research is to detect coincidences that originate from the
same correlated pair, but this signal is obscured by coincidences from un-
correlated pairs.
The pump laser produces 2 ps pulses and the interval between pulses is 12
ns. Consider an event where two uncorrelated photon pairs are created in
the same pulse. Due to the finite quantum efficiency η of the detectors, it is
well possible that detector 1 detects a photon of the first pair and detector
2 one of the second pair. As the coincidence-window of the AND-gate is
much larger than the pulse duration, the AND-gate will report a coinci-
dence even though the photons are not correlated. In order to estimate the
rate of these accidental coincidences, we put an electronic time delay of 12
ns between both detectors to directly measure the rate of coincidences for
photons created in different laser pulses. In this situation we know that
all registered coincidences must be accidental coincidences as they cannot
originate from correlated photon pairs. By subtracting these accidental
coincidences (R12nscc ) from the total amount of coincidences at zero rela-
tive delay (R0nscc ), one is left with the coincidences from correlated photons
(Rcc := R0nscc − R12nscc ). To illustrate this principle, we show in figure 5.6 the
measured coincidences for different relative time delays between the two
detectors. As expected, a peak of coincidences is visible at all multiples of
12 ns delay. The dashed line corresponds to the approximate amount of ac-
cidental coincidences. In §2.5 we introduced the visibility χ as a measure
for the contribution of four-photon states in the down-converted light. We
can find an estimate for the numerical value of this quantity by using a
delay line like figure 5.6. As we are now interested in the coincidences of
four photon states, both detectors should detect light from the same spot
in the far-field. We use to following relation to determine the value of χ
[1]:
χ =
R0nscc − R12nscc
R12nscc
(5.2)
As a final note we report that the correct functioning of the AND-gate de-
pends on the electronic characteristics of the output of the single photon
counters and the delay lines. We found that the older home-built units
show irregular behavior as they are very sensitive to the exact shape of
38
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the electronic pulse generated by the photon counters. This problem man-
ifests itself as an irregular shape of the peaks in figure 5.6 and a strong
asymmetry between the peaks at 12 ns and -12 ns delay. This makes it dif-
ficult to estimate the extra coincidences at 0 ns delay. Unfortunately it was
not possible to tune the coincidence gates to resolve this issue. Instead we
conducted all experiments with a newer design of the AND-gate that was
built using ultra-fast logic components. This modern version is capable of
setting the coincidence window as small as 100 ps and is designed to be
much less sensitive to the shape of the pulses. This AND-gate could be
tuned to a coincidence window of 5 ns and was used in all experiments.
For future experiments it is recommended to critically evaluate the proper
functioning of this electronics.
Figure 5.6: Delay line measuring photon coincidences of photon pairs created
by spontaneous emission at non-collinear phase match conditions (φ < pi) and
a pump beam power of 20 mW. The number of accidental coincidences can be
found by measuring coincidences between photons created in two different laser
pulses (∆t = 12 ns), as these photons cannot be correlated. Therefore, the peaks
at a relative delay that is a multiple of 12 ns correspond to accidental coincidences
and these are represented by the black dashed line. All the counts at 0 ns relative
delay that are above this line correspond to real coincidences.
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5.4 Results
We performed numerous experiments using this experimental set-up of
which we will show only the most important ones.
Figure 5.7 shows the number of coincidences measured while one detec-
tor scans the SPDC-ring and the other detector is kept at the same position.
The figure contains coincidences measured at 0 ns time delay (R0nscc , left),
accidental coincidences measured at a delay of 12 ns (R12nscc ,middle) and
the difference of both (R0nscc − R0nscc , right). This latter image contains only
coincidences that originate from anti-correlated pairs (Rcc).
In figure 5.8 and 5.9 we report data obtained when both detectors are
scanned in the far-field. The ”real coincidences” Rcc are reported as a
function of position of detector 1 (horizontal axis) and detector 2 (verti-
cal axis), and show the expected anti-correlation in photon momenta of a
single pair. The important difference between the figures is that figure 5.8
is recorded using the zoom fiber collimators, while the data in figure 5.9 is
for a situation with 1 mm apertures.
In all these figures a logarithmic colour scale is used.
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Figure 5.7: Measuring coincidences Rcc on the SPDC-ring (φ < pi) by keeping
one detector at the same place at the top of the ring and scanning the ring with
the other detector. This is done for a relative delay between both detectors of 0
ns (R0nscc , left graph) and 12 ns (accidental coincidences, R12nscc , middle graph). The
”real” coincidences are found by substracting both these graphs (Rcc = R0nscc −
R0nscc , right graph). In this right graph, a clear spot remains visible that illustrates
the correlation of two-photon states that are created by spontaneous emission.
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Figure 5.8: Measured number of ”real coincidences” between down-converted
photons in a L = 5 mm PPKTP crystal for different positions of both zoom fiber
collimators in the far-field q1 and q2. The experiment is done under collinear
phase match conditions (φ ≈ 0) and using a pump beam’s intensity of 20 mW.
The line on the diagonal corresponds to anti-correlated two-photon states created
by spontaneous emission. Notice the logarithmic scale on the color-bar.
Figure 5.9: We measure the amount of ”real coincidences” at different far-field
positions q1 and q2 of both detectors when apertures ( = 1 mm) are placed in
front of the zoom fiber collimators. The pump beam pumps the L = 5 mm PP-
KTP crystal at an intensity of 140 mW and the measurement is done for collinear
phase match conditions (φ ≈ 0). Next to a diagonal line caused by spontaneous
emission, also an anti-diagonal line originating from four photon states is visible.
Note that in comparison of figure 5.8 only a small region is scanned and that the
expected four photon peak at q1 = q2 = 0 is not observed.
42
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5.5 Discussion
In figure 5.7 it becomes clear that the subtraction of the accidental coinci-
dences is indeed a crucial step in the data-analysis of photon coincidences.
Without this subtraction coincidences are reported all over the SPDC-ring.
The real coincidences Rcc illustrate the anti-correlated nature of the down-
converted two-photon states. The probability of detecting both photons
in a photon pair is given|A(qi,qs)|2 [15]. In which A(qi,qs) is the two
photon amplitude:
A(qi,qs) = Ep(qi + qs)Vpm(qi − qs) (5.3)
In this formula Vpm(qi− qs) is the phase matching condition that we have
encountered before which leads to the anti-correlation of the momenta in
a photon pair:
Vpm(qi − qs) ∝
√
kp
L
sinc
(− L
4kp
|qi − qs|2 + φ
)
(5.4)
In this formula kp is the wave vector of the pump beam. The other term
Ep(qi + qs) takes the focussing of the Gaussian pump beam into account.
The spread in wavevector of the pump is accounted for by:
Ep(qi + qs) ∝
1
wp
e−
w2p
4 |qi+qs|2 (5.5)
Here wp is the beam waist of the pump beam. By integrating this ampli-
tude over all possible transverse momenta qi and qs the wavefunction of
the total two photon state is found:
|Ψ〉 =
x
dqidqsEp(qi + qs)Vpm(qi − qs)|qi〉|qs〉 (5.6)
As this wave function of the two-photon state cannot be written in a sepa-
rable form, the signal and idler photons are spatially entangled. Assuming
that the idler photon is detected by the stationary detector, we effectively
scan the amplitude of the signal photon in figure 5.7, which can be derived
from formula 5.6 by setting qi fixed. In theory, also a contribution of dou-
ble pairs should be visible in figure 5.7 at the top of PDC ring. However,
this extra peak is not observed which can be regarded as an indication of
a low visibility χ of our set-up.
From figure 5.7, we can also estimate the resolution of our experimental
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set-up. According to the specifications of the zoom fiber collimators, a rel-
atively high resolution of 2.5 mrad must be achieved when connecting the
collimators to single mode fibers [16] ( = 5 µm). However, in our set-up
we use multi-mode fibers ( = 50 µm) so that we also have to take the
numerical aperture (NA) of the fibers into account. In our case this results
to a resolution of approximately 12 mrad (FWHM). If the same experiment
is conducted with hard apertures ( = 1 mm), the achieved resolution is
2 mrad (FWHM). To our surprise a lot of resolving power appears to be
lost by the use of multi-mode fibers. A preliminary test with single mode
fibers was not succesful because this depends much more critically on the
alignment.
In figure 5.8 the thick line on the diagonal (qi = −qs) corresponds to
coincidences from the same single photon pairs as observed in figure 5.7.
The large thickness of this line is another indication of a poor resolution
of our research set-up. Figure 5.9 reveals more structure inside the thick
diagonal (notice the limits on the axes): and signal along the anti-diagonal
(qi = qs) becomes visible. These coincidences correspond to double states
created by stimulated PDC. Using formula 5.2, the visibility χ of these
four-photon states is determined to be χ = 0.083. For a pump beam waist
of 35 µm and an aperture with an diameter of 1 mm the current visibility
is approximately four times lower than expected. [1].
In the introduction of this thesis we mentioned that the long-term goal
of our research is to re-observe and understand the unexplained peak in
coincidences that was reported in earlier research[3]. As this peak was ob-
served in the centre of the collinear disk, it should appear in the middle
of figure 5.8 and 5.9. We do not observe this peak, but there are several
shortcomings in the experiment that can be improved.
• Both the zoom fiber collimators might not be looking at the exact
same position inside the crystal, making the collection of the four-
photon states unlikely.
• The peak could be an artifact of the AND-gate used in early exper-
iments. During our research we observed a lot of irregularities in
these AND-gates. However, the location of the peak (the centre of the
collinear disk) and its quadratic dependence of the pump intensity
are hard to explain using this reasoning nd require further research.
Besides the research described in this thesis, a lot of further research can
be done with the experimental set-up. As said, there is the experimental
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opportunity to connect single mode fibers ( = 5 µm) to the fiber colli-
mators to improve the resolution of the set-up. Another advantage is that
with single mode fibers one can implement a fiber beam splitter. So far we
only looked at two-fold coincidences, because detecting coincidences with
more than two detectors generally lead to extremely low count rates. It is
nearly impossible to align a set-up with such small signals. A fiber beam
splitter would avoid this issue so that also three-fold coincidences become
measurable.
To improve the relative low visibility χ one could consider optimizing the
angle of the collimators for the coincidence rate. In our research we did
not do this on purpose, because we aligned our set-up for the observation
of symmetrical SPDC-rings. An optimisation of the coincidence rate could
spoil this alignment, making it hard to describe which spatial mode is col-
lected.
Besides this, other research directions can be invesitgated. The set-up en-
ables the study of spatial entanglement for different focus conditions as
we can tune the pump beam waist. Finally, one could study the effects
of crystal length on spatial entanglement, as we implemented a crystal
holder in which crystals of various lengths can be interchanged with rela-
tive ease. We believe that a comparison between crystal lengths of 1 and 2
mm is most interesting as they are comparable to the group-velocity walk-
off length.
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Conclusion
During this project we successfully rebuild and improved the experimen-
tal set-up for the detection of four-photon spatial entanglement[1]. Most
importantly, we corrected for beam astigmatism by adding two cylindri-
cal lenses to ensure a flat wavefront at the focus inside the PPKTP crystal.
A variable beam expander that allows to tune the beam size in a contin-
uous way was inserted, but is not used in this research. We used zoom
collimators to collect a Gaussian mode in the far field. Finally, we use a
new crystal holder to move the PPKTP crystal in the x, y, z-direction that
enables an easy exchange of crystals of different lengths L and we use new
PPKTP-crystals to exclude laser damage or aging of the crystals as a source
of the unexpected peak.
We characterised these crystals using Second Harmonic Generation (SHG)
of 826 nm light to find the temperature dependent phase-mismatch φ(T).
The experimental data are well-described by a second-order polynomial
as a function of temperature. The fit parameters of this polynomial cor-
respond well to values published in literature. We verified if the phase-
mismatch from the SHG experiment explains the observed SPDC-rings
by comparing the experimental data with numerical simulations and find
good agreement.
Using the new set-up the correlations between photon pairs created by
spontaneous down-conversion have been observed. The resolution of the
set-up with zoom collimators and multi-mode fibers ( = 50 µm) ap-
peared to be insufficient to observe stimulated emission in the form of
four-photon pairs.. We believe that the relatively large core diameter and
the numerical aperture (NA) of these fibers are responsible for the poor
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resolution. We expect that single mode fibers ( = 5 µm) will greatly im-
prove the resolution of our set up. A preliminary test was not successful,
because the alignment with single mode fibers is much more demanding.
To improve the resolution in the far-field we placed hard apertures ( =
1 mm) in front of both the zoom fiber collimators. With these apertures
more structure in the photon correlations is revealed and the contribution
of four-photon states becomes visible. However, these four-photon states
have a relatively low visibility χ = 0.083 and no four-photon peak is visi-
ble in the centre of the collinear PDC-disk. We suspect that the fiber colli-
mators are not looking at the exact same place inside the crystal. Therefore
part of the photon coincidences remain undetected, while the single pho-
ton counts do not strongly depend on position. The optimisation of the
coincidence rate by tuning the angles of the collimators might be a future
opportunity to improve this.
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Appendix A
In this Appendix we eloberate on how to achieve equation 2.3 from the
wave-equation that can be derived from Maxwell’s equations in matter.
This wave-equation is stated as follows.
− ∂
2E2(2ω)
∂z2
+
1
c2
∂2E2(2ω)
∂t2
= −µ0 ∂
2P(2ω)
∂t2
= −µ0
∂2
(
PL(2ω) + PNL(2ω)
)
∂t2
(7.1)
In this formula P is the polarisation that creates E2 and in the last part we
splitted this polarisation for convenience into a linear part PL and into a
non-linear part PNL. Note that the only two electric fields in the crystal
that can induce P are the pump field E1 and the harmonic field E2. For
convenience we will work from now on the scalar field approximation,
resulting in the following expressions for the electric fields:
E1 = E˜1(z)ei(ωt−k1z) E2 = E˜2(z)ei(2ωt−k2z) (7.2)
From equation 2.2 we conclude that the only field that can create a PL
with angular frequency 2ω is E2 itself. We also see from this equation that
E1 creates exactly such a polarisation when interacting non-linearly with
the crystal. We conclude that:
PL = e0χ(1)E2 PNL = e0χ(2)E12 (7.3)
By substituting these formula into equation 7.1 and by filling in the ex-
pressions for E1 and E2 from equation 7.2, we are able to simplify wave-
equation 7.1. First we get PL to the left-side of the equation and solve all
time-dependend derivatives.
∂2
∂t2
(
E2
c2
+ µ0PL) =
1+ χ(1)
c2
∂2
∂t2
(
E˜2(z)ei(2ωt−k2z)
)
= −4ω
2(1+ χ(1))
c2
E2
(7.4)
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− µ0 ∂
2PNL
∂t2
= −χ
(2)
c2
∂2
∂t2
(
E˜21(z)e
i(2ωt−2k1z)) = 4ω2χ(2)
c2
E12 (7.5)
We can solve the z-dependend derivative by using the chain-rule:
− ∂
2
∂z2
(E˜2(z)ei(2ωt−k2z)) = −ei(2ωt−k2z)
(∂2E˜2(z)
∂z2
− 2ik2 ∂E˜2(z)
∂z
− k22E˜2
)
(7.6)
By now assuming that ∂
2E˜2
∂z2  ∂E˜2∂z (this assumption is known as the
slowly varying amplitude approximation), we can neglect the second or-
der derivative. By substituting equations 7.4, 7.5 and 7.8 into the wave-
equation 7.1, we get the following expression:
[
2ik2
∂E˜2
∂z
+
(
k22 −
4ω2(1+ χ(1))
c2
)
E˜2
]
ei(2ωt−k2z) = 4ω
2χ(2)
c2
E˜21e
i(2ωt−2k1z)
(7.7)
We note that the general expression for kn is:
kn =
nnωn
c
nn =
√
1+ χ(1) (7.8)
In this equation nn is the refractive index of the crystal. As we know that
ω2 = 2ω we can find the following expression for k22:
k22 =
4ω2(1+ χ(1))
c2
(7.9)
Substituting this expression into equation 7.7, we see that the components
depending on E˜2 cancel. By then getting the exponential to the right-
side, we are left with equation 2.3: the differential equation that describes
the change of the amplitude of the harmonic field E2 while propegating
through the crystal:
∂E˜1
∂z
= −i4ω
2χ(2)
2k2c2
E˜1(z)2ei∆kz (7.10)
In this equation, we defined ∆k to be the wavevector-mismatch:
∆k := k2 − 2 · k1 (7.11)
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Appendix B
In this appendix we show measurements on the stability of the crystals
temperature. In figure 8.2 we show that the temperature read out by
the thermistors mounted near the crystal, corresponds to the tempera-
ture crystal. In figure 8.1 we find the most stable settings of our PID-
temperature controller.
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Figure 8.1: Measured step-response of the 8 mm long PPKTP crystal temperature
for different settings of the temperature controller. At t = 0, the temperature set-
ting is increased from 55◦C to 60◦C. The values for the Proportional gain (P) and
the Integral gain (I) are indicated in the figures in units relative to the reference
values of P = 1.0 W and I = 25.0 seconds. The [P/2, I] setting is used in our ex-
periments because it has a relatively short settling time, minimizes the overshoot
and leads to good temperature stability.
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Figure 8.2: Measured crystal temperature (blue, triangles, left axis) and the mea-
sured SHG-power (red, circles, right axis) as a function of time. At t = 0, the
crystal temperature is set from 58◦C to 60.5◦C. The initial temperature was set at
58C. The blue dotted line indicates the phase match temperature of the crystal, de-
termined in another measurement. The purpose of this figure is to show that the
temperature measured by our thermistor is in perfect correspondence with the
true crystal temperature monitored by the SHG power. This is mainly illustrated
by the fact that the measured extrema in the temperature and SHG power coin-
cide (see points marked by *). Furthermore, the maximum of the SHG power oc-
curs at times when the measured temperature equals the optimum phase-match
temperature (dashed line).
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Appendix C
In this appendix we show the characterisation of the bandpass filters used
in our experiments. In figure 9.1 it is clear that the filter with FWHM=0.4
nm has more pronounced wings. When comparing this filter with the
FWHM=1 nm filter in figure 9.2 this becomes even more clear (note the
logaritmic scale in this figure). To make sure only the frequency-degenerate
photons pass the filter, it is therefore recommended to use both this filters
together.
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Figure 9.1: Measured transmission spectra of three different bandpass-filters with
a FWHM of 5 nm (left), 1 nm (middle) and 0.4 nm (right). All spectra are mea-
sured at normal incidence.
Figure 9.2: Measured transmission on a logarithmic scale of bandpass filters used
in the experiment as a function of wavelength. Data are shown for a 0.4 nm
FWHM bandpass filter (red dashed line, laseroptiek19042+i2) and a 1 nm FWHM
bandpass filter (solid blue line, NDV1182).
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